Osmotic adjustment (OA), the accumulation of solutes in higher plant cells in response to water deficits, was first reported more than four decades ago. Since then, variation in OA among genotypes/cultivars in response to drought has been reported in many crop plants, but its role in maintaining growth and yield in water-limited environments has been questioned. The role of OA in the physiological and agronomic adaptation to water stress of crops, the methods of reliably measuring the degree of OA among genotypes or species, the range of OA in many studies, and its impact on grain yield in water-limited environments are reviewed. The genetics of OA has received limited study, and the breeding and selection for high OA has only resulted in the release of one commercial cultivar of wheat as far as is known. The reasons for the limited interest in breeding for the OA trait are discussed.
Introduction
It has long been recognized that halophytes, algae, and microorganisms alter their cellular water relations to maintain cell function as the osmotic concentration of the external medium varies (Cram, 1976) ; this is achieved by synthesizing organic compounds or the uptake of solutes from the surrounding medium to lower their osmotic potential (Hsiao et al., 1976) . Over five decades ago it was also shown that higher plants take up ions and solutes to lower their osmotic potential in order to maintain turgor and withstand salinity stress (Bernstein, 1961 (Bernstein, , 1963 . However, it was not until the 1970s that scientists began to recognize that as water was withdrawn from the cells, in addition to any concentration of solutes, higher plants accumulated solutes in their roots and leaves to maintain cellular and tissue turgor (Hsiao et al., 1976; Begg and Turner, 1976; Morgan, 1977) . Despite the release in 2000 of a bread wheat cultivar 'Mulgara' with a high degree of osmotic adjustment (OA), its value as a drought resistance trait that increases crop yield in water-limited environments has been questioned (Munns, 1988; Serraj and Sinclair, 2002) . Recently, Blum (2017) critically reviewed 26 studies in which OA and yield were both measured under drought stress, and showed that in 24 of the 26 studies there was a significant association between OA and yield under drought (drought resistance). This review traces the development in understanding of OA and its influence on the adaptation to water-limited environments from the early discoveries to the present.
water decreased, but in most cases it was not clear whether this was the result of the active accumulation of ions and osmotica in the water-stressed tissues, the concentration of solutes and osmotica as water was withdrawn from the cells, changes in the elastic properties of the cells with age, or other factors. The first definitive evidence for OA was reported by Greacen and Oh (1972) in pea roots, by Morgan (1977 Morgan ( , 1980 in wheat leaves, by Turner et al. (1978a) and Jones and Turner (1978) in sorghum leaves, by Turner et al. (1978b) and in expanding and fully expanded sunflower leaves, and by Morgan (1980) in wheat spikelets. Subsequently, OA has been shown to occur in many species (see reviews by Turner and Jones, 1980; Wilson et al., 1980; Blum, 2017) . Nevertheless, not all species, for example, soybean, narrow-leafed lupin, and the tropical legume siratro (Macroptilium atropurpureum), demonstrate a significant degree of OA (Turner et al., 1978a (Turner et al., , 1987 Wilson et al., 1980; Palta et al., 2007) .
The solutes that accumulate in OA are very diverse. Sugars, such as sucrose, glucose, and fructose, have all been shown to accumulate with OA (e.g. Sanchez et al., 1998) , but sugars only contributed ~30% of the OA in sorghum, from 7% to 17% in pea, and 7% in sunflower Sánchez et al., 1998) , while inorganic cations and anions, particularly potassium, magnesium, chloride, and nitrate, contributed 52% of the OA in sorghum, 30-60% in Brassica, and 73% in sunflower, and amino acids contributed 8% of the OA in sorghum and 13% in sunflower . Proline and glycine-betaine have both been shown to increase as the plant responds to a water deficit (e.g. Sánchez et al., 1998; Nio et al., 2011; Wang et al., 2017) ; with a short severe water deficit (Nio et al., 2011) , the increase of proline and glycine-betaine accounts for little of the change in osmotic potential (Chu et al., 1976; Bohnert and Shen, 1999) , but their contribution increased with a slower and longer drying cycle (Nio et al., 2011) . Proline and glycine-betaine are considered to act as compatible solutes, changing the osmotic potential of the cytoplasm (~10% of the cell volume) to balance the changes in osmotic potential of the vacuole (~90% of the cell volume), protecting and stabilizing proteins and membranes, and acting as scavengers for radical oxygen species in cells subjected to water stress (Bohnert and Shen, 1999) . Sánchez et al. (1998) showed that proline increased 4-40 times in field pea, but contributed only ~1% to OA.
Several scientists refer to OA as osmoregulation; that is, the regulation of osmotic pressure or osmotic potential (Hsiao, 1973; Morgan, 1984) . However, Munns (1988) questions whether the accumulation of solutes by higher plants is a consequence of plant regulation of the osmotic potential or turgor pressure, or is a consequence of growth slowing faster than assimilation with the consequence of solute accumulation. Certainly, if the leaf turgor is artificially maintained as the soil water content decreases by pressurizing the roots, solutes do not accumulate in the leaves while leaf expansion and stomatal conductance decrease, suggesting that the plants do not regulate their osmotic potential (Munns, 1988) , but that phytohormones, principally abscisic acid, produced by roots in drying soil are transferred to the leaf where they induce stomatal closure (Schurr et al., 1992) and inhibit leaf expansion (Quarrie, 1982) , even when the leaf turgor is maintained. OA is the preferred term for solute accumulation in response to drought (Munns, 1988) .
Physiological effects of osmotic adjustment
With a reduction in water uptake, while water loss is maintained, water is withdrawn from the cells of higher plants, the water potential of the cells decreases, and the volume of the cells decreases at a rate depending on the elasticity of the cells or tissue The end result is that the solutes in the cells are concentrated so that the osmotic potential decreases (Fig. 1) . If solutes accumulate in response to cell dehydration, the osmotic potential decreases, and if the decrease in osmotic potential is similar to the decrease in water potential, turgor is fully maintained (Morgan, 1977; Turner, 2017) . In practice, partial turgor maintenance is more common, in which the accumulation of solutes does not fully balance the decrease in water potential and turgor decreases, but by a smaller degree than if no solute accumulation occurs (Turner, 2017) . Whether OA results in full turgor maintenance or partial turgor maintenance may depend on tissue elasticity and the rate of stress development as the degree of OA is greater with a slow rather than a fast development of plant water deficit. (Höfler, 1920) of the idealized relationships between relative cell volume, water potential, osmotic potential, and turgor potential in plants with no osmotic adjustment (A), partial turgor maintenance by partial osmotic adjustment (B), and full turgor maintenance by full osmotic adjustment (C). In (A), the osmotic potential decreases due to the concentration of the solutes, while in (B) and (C) solutes accumulate as the water potential falls, decreasing the osmotic potential to a greater degree than that from solute concentration. Reprinted from Turner NC. 2017. Turgor maintenance by osmotic adjustment, an adaptive mechanism for coping with plant water deficits. Plant, Cell and Environment 40, 1-3, with permission.
OA was first shown to maintain turgor and root growth in pea root tips (Greacen and Oh, 1972) and subsequently in maize root tips (Sharp and Davies, 1979) in drying soil, thus enabling greater exploration and uptake of water from the soil. Indeed, Morgan and Condon (1986) and Chimenti et al. (2002) showed that wheat genotypes and sunflower genotypes, respectively, with high OA extracted water from deeper in the soil than those with low osmotic potential. While water extraction may not correlate simply with the presence of roots, Wright and Smith (1983) showed that a cultivar of sorghum with high OA under dryland conditions extracted more water at depth than a cultivar with less OA due to greater root length densities at depth, whereas Wright et al. (1983b) showed that while root length was greater in genotypes with high OA than in those with low OA, this did not result in greater water use at any depth.
Leaf expansion is known to be more sensitive to a decrease in leaf water potential than photosynthesis in most species, and Munns (1988) suggests that this may lead to accumulation of sugars and other photosynthetic products in the leaves, resulting in solute accumulation and OA. However, in a genotype of sorghum exhibiting OA, leaf growth resumed with longer exposure to a water deficit imposed with polyethylene glycol, but did not resume in a genotype with no OA (Blum et al., 1980) , suggesting that OA was not simply the result of a greater effect on tissue growth than assimilation, but helps maintain growth under water deficits. With slow drying of the soil and plant, OA, by maintaining turgor, partially maintains stomatal conductance which in turn slows water loss and helps to maintain stomatal conductance, photosynthesis, and dry matter accumulation at lower leaf water potentials than with no OA (Ludlow, 1980 (Ludlow, , 1987 Nio et al., 2011) . However, it needs to be acknowledged that OA in some cases does not maintain the rate of photosynthesis until the water potential nears the turgor loss point, by which time photosynthesis has already decreased considerably (Jones and Rawson, 1979) , and so it does not eliminate reductions in photosynthesis and growth in plants in drying soil (Turner, 1986) . Further, OA is finite and does not enable photosynthesis and growth to continue indefinitely as the soil water and leaf water potentials decrease, and, moreover, does not appear to persist for long once the water deficit is relieved , presumably as the solutes accumulated are used to aid in recovery, and may indeed speed up the recovery after a period of water shortage.
The transient and finite nature of OA led some to question the benefit of OA as a yield-positive trait in water-limited environments. Serraj and Sinclair (2002) evaluated the yield benefit of OA in 15 studies in 10 different crops and concluded that no yield benefit was observed in seven of the studies, an inconsistent result was observed in one study, while in the six studies that had a positive relationship between yield and OA, the benefit to yield was usually when the crops were exposed to severe water shortage and yields were very low, so the benefit in absolute terms was small and would not be economic in advanced agricultural systems. They concluded that solute accumulation was largely a survival mechanism and only if the solute accumulation occurred in the roots and root tips enabling the roots to grow deeper in a wet soil profile could OA benefit yields (Serraj and Sinclair, 2002) . However, 15 years later, Blum (2017) evaluated the yield benefit of OA in 12 crops reported in 26 studies and concluded that in 24 of the 26 studies OA was a 'prime drought stress adaptive engine in support of plant production'.
Measurement of osmotic adjustment
In order to measure the extent of OA, the change in osmotic potential induced by the concentration of solutes resulting from water loss needs to be distinguished from the change induced by solute accumulation. To do this, the osmotic potential at a particular turgor pressure-normally at full turgor-is measured or calculated. To measure or estimate the osmotic potential at full turgor requires either measurement after rehydration or calculation from measured values of osmotic potential and relative water content (as a surrogate for the relative osmotic volume). Because the osmotic potential at full or zero turgor can change with age and even diurnally, samples from plants subjected to water deficits and those kept adequately watered are usually taken on the same day and at the same time of day, and the degree of OA is considered the difference in osmotic potential at full turgor between stressed and unstressed plants (Turner, 2004) .
In an alternative method, Morgan (1977 Morgan ( , 1980 estimated OA from the relationship between consecutive measurements of relative water content and osmotic potential as the plant water status decreased during a drying cycle. Using relative water content and knowing the proportion of apoplastic water content of the tissue, the concentrating effect of changes in relative water content on osmotic potential can be calculated and compared with the measured values of osmotic potential as the plant water potential decreases. The difference is the degree of OA, usually reported as the relative water content at a particular osmotic potential. Morgan (1977 Morgan ( , 1980 showed that some genotypes of wheat had little or no OA while others had significant degrees of OA. As the leaf segments (and spikelets, Morgan, 1980) used for measuring the relative water content and osmotic potential were adjacent on the plant, the estimated OA was subject to the variation in both measurements, but the fitting of regressions to the calculated osmotic potential and measured osmotic potential and relative water content over a drying cycle will reduce some of this variation. subjected sorghum plants to (i) a slow drying cycle or (ii) kept them well watered (control); the plants were then rehydrated overnight, cut off at soil level, and subjected to a rapid drying cycle. The leaf water potential, osmotic potential, and relative water content were measured on the same leaf after rehydration and during the rapid drying cycle, and the OA was calculated at full turgor from the relationship between the osmotic potential and relative water content for the rapidly dried leaves that had been subjected to the previous slow drying cycle and those kept well watered throughout.
OA can be obtained by the pressure chamber technique in which the pressure-volume relationships are measured in leaves subjected to a water stress (it may be necessary to rehydrate the leaves) and comparable non-stressed leaves (Tyree and Hammel, 1972; Turner, 1988) . The pressure required to bring the xylem water to the cut surface of the leaf or petiole as the leaf dries is monitored, along with the water content of the leaf at full hydration and dry mass of the leaf, enabling the relative water content, the osmotic potential at full turgor and at zero turgor, and the apoplastic water content of the leaf tissue to be calculated or estimated by extrapolation (Turner, 1988) .
As all these methods require measurements of osmotic potential as the leaves are dehydrated and/or after rehydration, the methods are slow and only a few genotypes can be measured in one experiment. Variations have been developed to speed up the measurements and increase the number of genotypes that can be measured at one time. One way to speed up the measurement of OA is to estimate the osmotic potential at full turgor by measuring the relative water content and osmotic potential at the beginning of a drying cycle and at the end of a drying cycle and calculate the difference as the OA. This assumes that there is no change in the well-watered osmotic potential or tissue elasticity between the beginning of the drying cycle and the time of sampling during the drying cycle, but this can be checked by measuring the osmotic potential of well-watered plants at intervals during the drying cycle. Alternatively, the leaves of the plants can be rehydrated in the dark and then the osmotic potential of the rehydrated leaves can be measured. This assumes that there is no loss of solutes in the dark (Brown and Tanner, 1983) and that the relative water content of the rehydrated leaves is 100% in all genotypes, and after exposure to all levels of water deficit; a 100% relative water content may not be realized after drying to very low leaf water potentials. Turner et al. (2007) used both methods to measure the OA of up to 200 plants of advanced breeding lines of chickpea and their parents, and observed up to 4-fold differences in OA among the lines. Babu et al. (1999) compared the degree of OA of sorghum using four methods of measuring OA similar to those used by Morgan (1977 Morgan ( , 1980 and Jones and Turner (1978) , as described above, and Morgan (1995) , and found that the correlation coefficients varied from 0.32 to 0.87, but the ranking correlations were much worse, varying from 0.16 to 0.83. Therefore, which method can be recommended to give reliable results for OA? The method with the lowest coefficient of variation was that in which the osmotic potential at full turgor (100% relative water content) was estimated from the measured relative water content and osmotic potential of stressed plants rehydrated in low light overnight and compared with the osmotic potential at full turgor in non-stressed plants (Babu et al., 1999) . However, using leaf samples of chickpea that had undergone drought stress in the field, Turner et al. (2007) showed that there was no correlation between the estimated osmotic potential at 100% relative water content and the actual osmotic potential of leaves rehydrated overnight in the dark. This may be due to failure of the stressed plants to rehydrate fully as assumed, or loss of solutes may have occurred during rehydration (Brown and Tanner, 1983) .
Ecologists have long recognized that the constitutive osmotic potential of plant tissue is an important physiological determinant of drought tolerance and survival of a species in relation to water supply (e.g. Walter, 1931) and recently have published global analyses of the prediction of drought tolerance across species and biomes from measurements of the leaf turgor loss point and its determinants (Bartlett et al., 2012 (Bartlett et al., , 2014 . Using 20-30 species collected from nine biomes from a tropical wet biome to a semi-desert biome, Bartlett et al. (2012) showed that the turgor loss point (where turgor is zero, the leaf osmotic potential equals the leaf water potential, and wilting is observed), was strongly associated with the osmotic potential at full turgor (the constitutive osmotic potential), but not the elasticity of the leaf cells or the degree of OA (i.e. the difference between the osmotic potential at full turgor and zero turgor, Bartlett et al., 2012) . When Bartlett et al. (2014) compared the post-drought osmotic potential at the turgor loss point with the pre-drought osmotic potential at the turgor loss point in 246 wild species, they showed that the pre-drought turgor loss point was a closer predictor of the post-drought turgor loss point than the plasticity in the turgor loss point with drought, a measure largely of the degree of OA, but was also affected by the elastic modulus. Among 37 crop species, they observed a similar strong association of the post-drought osmotic potential at the turgor loss point with the pre-drought osmotic potential at the turgor loss point than with the degree of plasticity, but not in seven genotypes of maize and six genotypes of coffee (Coffea arabica), in which the plasticity in the turgor loss point with drought among genotypes (OA) was a closer predictor of the post-drought turgor loss point (Bartlett et al., 2014) . They proposed that plasticity in the turgor loss point was 'a major determinant of relative drought tolerance' in crop cultivars and 'differences across crop cultivars … highlight the general benefits of the turgor loss point as a trait for crop improvement' (Bartlett et al., 2014) . Mart et al. (2016) followed this up by comparing the water potential and osmotic potential at full turgor and at the permanent wilting point, determined visually in eight previously well-watered cultivars of wheat, to determine whether the osmotic potential at full turgor was a useful predictor of the turgor loss point. While there was considerable variation in the osmotic potential at full turgor among 38 wheat cultivars in the field and a correlation between the osmotic potential at full turgor after dehydration to visible wilting and the turgor loss point, the authors did not determine how much of the turgor loss point was due to constitutive differences in osmotic potential at full turgor in well-watered plants and how much was due to differences in OA. Visual analysis suggests that both played a role, indicating that neither the turgor loss point nor the osmotic potential at full turgor provides a rapid surrogate measure of OA. Further, there is a need to establish that the turgor loss point is related to drought resistance, as defined as yield under drought stress, in crop species and genotypes. What is clear is that measuring only the osmotic potential in stressed and non-stressed plants, without measuring other aspects of plant water relations, such as relative water content or leaf water potential, will not aid in understanding the role of OA in growth and yield (Blum et al., 1996) .
Screening for OA was sped up considerably when the OA gene (or) was found to be expressed not only in leaves, but also in pollen grains of wheat (Morgan, 1999) . Using polyethylene glycol 6000, pollen grains from wheat genotypes showing high OA in the leaves had high solute accumulation and larger size than pollen grains from genotypes showing no leaf OA under water deficits. Pollen grain size after exposure to polyethylene glycol has been used to select lines and genotypes of wheat with the high OA gene, but this method has not been used to select for OA in other species as far as I am aware. Table 1 summarizes OA studies in nine important crop species-wheat, barley, sorghum, maize, rice, sunflower, rapeseed (Canola), mustard, and chickpea. OA has been observed to exceed 1.0 MPa in some cultivars/genotypes of wheat, sorghum, rice, mustard, and chickpea, but generally the degree of OA was <1 MPa (Table 1 ). In addition to the genetic variation in the crops in Table 1 , variation in the OA among cultivars/genotypes has also been shown in millet (Blum and Sullivan, 1986) , soybean and wild Glycine species (James et al., 2008a; He et al., 2016) , field pea (Sánchez et al., 1998) , and pigeon pea (Subbarao et al., 2000) . In lentil, OA was observed, but was similar in all genotypes (Shrestha et al., 2009) , while in Lupinus species OA was small (0.0-0.23 MPa) in genotypes of L. angustifolius, L. cosentinii, and L. luteus (Turner et al., 1987; Palta et al., 2007) , but larger in the wild lupin species, L. atlanticus and L. pilosus (Turner et al., 1987) .
Genetic variation in osmotic adjustment
The degree of OA observed depends not only on cultivar/genotype, but also on the rate of stress-fast rates of drying do not enable the induction of solute accumulation or reduce the degree of osmotic adjustment (James et al., 2008b) -and the degree of stress. For example, Jones and Turner (1978) showed that OA was 0.4 MPa when the pre-dawn leaf water potential fell slowly to -1.1 MPa, but 0.9 MPa when the pre-dawn leaf water potential fell slowly to -1.6 MPa. OA was also observed to increase the greater the decrease in relative water content or leaf water potential in soybean (James et al., 2008a, b) and lentil (Shrestha et al., 2009) . It is therefore important to dry plants to the same leaf water potential or relative water content when comparing the degree of OA across genotypes (Zhang et al., 1999) . After Morgan's establishment of the genetic variation in wheat (Morgan, 1980) , he identified a single recessive osmoregulation gene, or, that he selected using the pollen grain technique (Morgan, 1999) and went on to work with the wheat breeder Morgan, 2000) to release a bread wheat cultivar, 'Mulgara', with a high degree of OA and ~10% higher yields in drought-prone environments (Richards, 2006) . The gene was located on the short arm of chromosome 7A using restriction fragment length polymorphism (RFLP) analysis (Morgan and Tan, 1996) . Subsequently, quantitative trait loci (QTLs) for OA have been identified in rice (Lilley et al., 1996; Zhang et al., 2001) , and barley (Teulat et al., 1998) . A major QTL for OA was identified on chromosome 8 in rice which is homologous with the segment of chromosome 7 in wheat where the OA gene is located (Zhang et al., 1999 (Zhang et al., , 2001 . Potentially, the QTLs identified can be used for marker-assisted selection for osmotic adjustment, but, as far as is known, marker-assisted selection for OA has not been used by breeders to select lines for high OA for drought-prone environments.
There has been considerable research on osmolyte synthesis, particularly mannitol, proline, and glycine-betaine, in the model plants tobacco and Arabadopsis (Zhang et al., 1999) , but these are largely accumulated in the cytosol and not the vacuole of crop plants. The incorporation of any genes conferring high accumulation of these osmolytes into crop plants designed for drought-prone environments has not been reported. Indeed, apart from the one cultivar of wheat with high OA, released for water-limited areas of Australia, it appears that no further crop cultivars incorporating OA have been released. Table 1 shows the effect of OA on the crop yield in those studies in which it was measured. Blum (2017) reported a positive and significant association between OA and yield in 12 crops in 24 of the 26 published studies in which both osmotic adjustment and yield were measured. Of the studies that reported grain yields in Table 1 , 16 showed a benefit to yield from OA while five showed no benefit to yield from OA. In those studies where there was a positive benefit to grain yield, the increase averaged 34% (range 10-60%) between the lines with high OA and low OA. Some studies only reported the range of increase in grain yield from the lowest to highest genotype, which varied from 72% to 199%. These studies were conducted in controlled environments in pots or small experimental plots so when the high and low OA genotypes were observed in field plots the benefits of selecting for high OA were smaller. For example, when yields of high and low OA lines of wheat were evaluated in 63 dryland trials, the grain yields varied from 28-30 g m −2 in the low OA genotypes to 30-34 g m −2 in the high OA genotypes, a mean yield increase of 10% , which is the increase in yield observed with the high OA bread wheat cultivar, 'Mulgara', at dry sites (Richards, 2006) . Similarly, in chickpea, lines selected for high OA had a mean increase of 8% at the driest site to 0% at the wettest site in 13 rainfed trials, with growing season rainfall varying from 214 mm to 350 mm .
Osmotic adjustment and yield
Water stress during the reproductive phase generally reduces seed number more than the size of seed. The benefit of OA in the reproductive phase was in general to increase seed number with a smaller increase or no significant change in seed size (e.g. Santamaria et al., 1990; Tangpremsri et al., 1995; . Tangpremsri et al. (1995) removed half of the spikelets in low OA sorghum lines and showed that the osmotic adjustment was greater than in the low OA lines with no spikelet removal, suggesting that removal of the grain sink enabled greater solute accumulation in the leaves. It is therefore important in selecting for high OA that lines with a small sink are not inadvertently selected.
Breeding for osmotic adjustment for crops for water-limited environments Blum (2014) suggested that since 1980 OA is probably the most stress-adaptive or stress-inducible trait addressed in applied plant breeding for drought resistance. However, despite the OA from 0 (low) to 1.5 MPa to 2.0 MPa (high).
Not determined. Morgan (1977 Morgan ( , 1980 Wheat: six F 6 lines from high and low OA genotypes. Soil in field dried under rainout shelter until ψ= -3.25 MPa.
OA from 0 (low) to 1.6 MPa (high). (high OA). Wheat: 12 cultivars. Grown for OA in hydroponics in a growth chamber using PEG6000 at -0.91 MPa. Yields measured in 16 irrigated and unirrigated field trials over 2 years. Gunasekera et al. (1994) Barley: three breeding lines and five cultivars over 2 years. Grown in soil in a rainout shelter with irrigation that was withdrawn in water-stressed plots from flag leaf emergence.
RWC at an osmotic potential of -3 MPa varied among genotypes from 67% to 52% in year 1 and from 77% to 69% in year 2.
GY in water-stressed plot increased from 142 g m in year 2 with increasing OA among genotypes (r=0.66). González et al. (1999) Barley: six breeding lines and six cultivars. Grown in soil in a rainout shelter with irrigation that was withdrawn in water-stressed plots from flag leaf emergence.
RWC at an osmotic potential of -3 MPa varied among genotypes from 72% to 50% in year 1 and from 74% to 57% in year 2.
GY in water-stressed plot increased from 214 g m in year 2 with increasing OA among genotypes (r=0.48). González et al. (2008) Sorghum: two cultivars. Grown in potting mix in the glasshouse and half of containers were allowed to dry to pre-dawn ψ of -1.1 MPa and -1.6 MPa.
OA was 0.4 MPa when dried to -1.1 MPa, and 0.9 MPa when dried to -1.6 MPa in both cultivars.
Not determined. Jones and Turner (1978) Sorghum: two cultivars. Grown in the field with and without irrigation.
OA was less (~0.5 MPa) in one cultivar than in the other (~1.2 MPa).
GY in unirrigated plots reduced by 50% in the cultivar with low OA, but only by 30% in the cultivar with high OA compared with irrigated plots. et al. (1983a, b) Sorghum: six cultivars, three previously identified as high Total DM varied from 35 g to 47 g per plant and GY from 6 g to 15 g per plant in Experiment 1. Total DM was positively associated with OA in both experiments, but negatively (Experiment 1) or not associated (Experiment 2) with OA with stress during grain filling. Tangpremsri et al. (1991a, b) Sorghum: four lines selected for high OA and four lines selected for low OA from 47 S 2 lines. Grown in pots in a glasshouse with irrigation throughout, water withheld before anthesis, and water withheld before and again after anthesis. Midday ψ fell to -2.0 MPa when water was withheld at anthesis and to -2.4 MPa during grain filling.
Wright
Maximum OA was 0.13 MPa in low OA lines and 0.38 MPa in high OA lines when water was withheld before and after anthesis.
Total DM was 36 g and 39 g per plant in the low and high OA lines, respectively, but GY at 11.7 g per plant was not significantly different between the lines when water was withheld before and after anthesis. Tangpremsri et al. (1995) Maize: two S 4 populations of high and low OA were generated from a cross between a low OA inbred line and a high OA inbred line. Shoot DM at maturity was 330 g and 230 g per plant in the high and low OA lines when stressed before flowering and 200 g per plant in both lines when stressed after flowering. GY at maturity was 67 g and 48 g per plant in the high and low OA lines when stressed before flowering and 68 g and 43 g per plant in the high and low OA lines when stressed after flowering. Chimenti et al. (2006) Rice: four upland and two lowland cultivars, and one cultivar grown in both upland and lowland environments. Grown in the field under well-watered conditions except between 44 and 54 DAS when a differential irrigation regime was imposed by a line-source sprinkler. Midday ψ fell to -2.6 MPa at the unirrigated site.
OA varied from 0 to 0.6 MPa, but differences in OA were associated with differences in the rate and magnitude of stress development (cumulative water stress). The relative growth rate during the differential irrigation period was reduced with water stress, but did not differ among cultivars in the four different irrigation regimes. Turner et al. (1986a, b) Rice: 52 F 7 RILs from a lowland indica cultivar crossed with an upland japonica cultivar. Grown in pots in a controlled-environment facility.
Water withheld from 24 DAS until all leaves died. Pre-dawn ψ fell to between -5 MPa and -10 MPa when leaves died.
OA varied from 0.7 MPa in the upland parent to 1.3 MPa in the lowland parent, and from 0.39 MPa to 2.74 MPa in the RILs.
Not determined. Lilley et al. (1996) Sunflower: two families with high OA and two families with low OA selected from a cross between a high OA inbred line and a low OA inbred line. At maturity, shoot DM was 125 g and 97 g per plant while GY was 41 g and 29 g per plant in the high and low OA lines in the drought stress treatment. Chimenti et al. (2002) Sunflower: 36 genotypes from different parts of the world. Grown in the field with irrigation, but irrigation withdrawn in drought plots from 50 DAS to induce drought stress during anthesis. RWC fell from 76%
to 54% in the drought-stressed plants depending on genotype.
OA varied from 0.01 MPa to 0.68 MPa among genotypes in the drought-stressed plots GY increased from 7 g to 103 g per plant among the frequently irrigated genotypes and from 4 g to 78 g per plant among the drought-stressed genotypes. In the drought-stressed plants, GY increased linearly with OA, but the relative yield only increased from 60% (range 47-69%) to 75% (range 54-95%) in low compared with high OA genotypes. Rauf and Sadaqat (2008) GY was reduced in the dryland plots by 2-39% in year 1 and by 30-45% in year 2 among B. napus genotypes, and by 0-14% in year 1 and 8-31%
in year 2 in B. juncea compared with the irrigated plots. et al. (2003) . Morgan et al. (1991) Chickpea: six genotypes grown in the field. Grown in the field with and without irrigation after anthesis. Midday leaf water potential fell to -3.6 MPa during pod development. (42-53% of the irrigated plots) in the rainfed plots. There was no association between yield or relative yield and OA. Leport et al. (1999) Chickpea: eight cultivars classified into two groupsthree low OA cultivars and five high OA cultivars. Grown in the field within a line-source sprinkler system grouped into areas with growing-season soil water availability of 377, 336, and 287 mm. . There was no correlation between OA and GY or total DM. Turner et al. (2007) ψ, leaf water potential; DAS, days after sowing; DM, dry matter; GY, grain yield; OA, osmotic adjustment; PEG, polyethylene glycol; RIL, recombinant inbred line; RWC, relative water content. Table 1 . Continued publication of >500 papers on osmotic adjustment since 1984 (www.plantstress.com, accessed 27 September 2017) and the early demonstration that OA can be selected to increase yields of wheat in drought-prone environments , there have been strikingly few reports of the release of new cultivars selected for high OA in any crop. Why is this?
Niknam
(i) While the demonstration of yield increases in waterlimited environments with selection for high OA has been well documented (Blum, 2017) and there appear to be no yield penalties in more favourable environments, the yield increases in the field have only been ~8-10% at dry sites. As this would be a good outcome for a breeding programme for dry environments, there are clearly other reasons why breeders have not taken up the challenge. (ii) The phenotyping is time consuming and complex. Care has to be taken that the rate of soil drying is slow and similar in all genotypes, measurements are taken at similar values of leaf water potential or relative water content, and a well-watered control is also measured. This means that automated screening for OA is not possible, and only a limited number of genotypes/breeding lines can be sampled in any one study. The swelling of pollen grains to identify breeding lines with high osmotic adjustment in the leaves made it possible to screen more lines in wheat, but there do not appear to be reports of similar correlations between OA in pollen grains and leaves in other species. This would be a worthwhile endeavour for investigation in other crop species. (iii) In part because of the limited number of lines that can be measured and the variation between replicates of the same lines, determining the heritability of OA is not very precise. Moinuddin et al. (2005) reported broadsense heritability values between 0.7 and 0.8 in wheat when grown in pots in the glasshouse, while James et al. (2008c) observed moderate to high heritability (46-93%) in soybean, but concluded that the heritability values were environment specific. Turner et al. (2007) reported that the degree of OA in chickpea parents inconsistently differed from year to year, and concluded that the lack of yield benefit in the F 7 progeny from crosses between parents differing in OA arose from the large environmental effects on OA and its low heritability. (iv) While OA was reportedly linked to a single recessive gene in wheat (Morgan, 1991) , Galiba et al. (1992) working with wheat calli concluded that other genes may be involved in OA as measured by amino acid accumulation. Others have concluded that OA is a multigenic trait, with at least two major genes involved with high OA in sorghum (Zhang et al., 1999) . (v) While molecular markers have been identified for OA in several species (Zhang et al., 1999) , they do not appear to have been widely used in breeding programmes to date. This may be because in most cases the screening and selection for OA and its molecular markers has been done in isolation from the crop breeders. However, the development of rapid and inexpensive whole-genome analysis and genomic selection may pave the way for selection of complex traits such as OA in the future (Varshney et al., 2013; Crossa et al., 2017) .
Conclusions
While OA is clearly an important stress-inducible trait that can benefit yields of a range of crop species, difficulties with phenotyping OA in more than a limited number of lines mean that there is only one example known to this reviewer in which a high-OA cultivar (of bread wheat) has been successfully bred for water-limited environments. This successful breeding programme was assisted by the identification of a novel selection process using the differences in the size of pollen grains when stressed by exposure to an osmotic solution of polyethylene glycol to identify lines differing in leaf OA. If cultivars with high OA and improved drought resistance are to be identified in other species, the challenge is for physiologists and molecular biologists to work in tandem with plant breeders to develop simple surrogate screens such as pollen selection that can be used in automated phenotyping facilities and applied in breeding programs. Additionally, the identification of molecular markers, marker-assisted selection, and whole-genome analysis should speed up the selection of inducible OA and improved drought tolerance, along with other useful and agronomically desirable traits, in crop breeding programmes of the future.
